Abstract: The paper reviews practical applications of composite materials in oil and gas industry. A special consideration has been paid to possible future opportunities in offshore and onshore usage; in particular to long fibre reinforced composite pipes. The problem of thick-walled filament-wound multi-layered composite pipes subjected to outer pressure is considered as an example. An analytical method is used for failure analysis for different lay-ups and loading conditions. The stress distributions through the pipe thickness for various lay-ups are computed for fibre reinforced pipes under different outer pressure magnitudes.
Menshykova (2009) presents a three-dimensional elasticity analysis of sandwich panels with a FG core subjected to transverse loading.
The application of composites in subsea industry is based on thermoset matrix composites, mainly epoxies.
Potentially thermoplastic composites can replace these. In (Davies et al. 2005 ) the results from preliminary screening tests on the selection of thermoplastic composite materials were obtained. Based on these results glass/PEI and carbon/PEEK materials were selected for further evaluation.
Composites are routinely used to repair metal structures as damaged or corroded pipelines. These repairs have been a common practice in oil industry and are generally easier and faster to carry out comparing to traditional metallic method. At the moment the research is focused on the development of effective subsea composite repair systems and was investigated by Alexander (2007) , Shamsuddoha et al. (2013) , Mally et al. (2013) . The effectiveness of FRP composites for the subsea repair of steel pipeline was analysed by Shamsuddoha et al. (2013) . The performance of a carbon/epoxy repair installed and cured underwater has been tested by Mally et al. (2013) .
Fibre reinforced composite pipes
The composite pipes from glass fibre reinforced epoxy (GFRE) have been used onshore for both low-and high-pressure applications with a wide variety of fluids, including hydrocarbons. Offshore glass-fibre reinforced resin matrix composites are used for relatively low-pressure aqueous services. The effect of water absorption of the mechanical behaviour of fibreglass pipes used for offshore service waters was considered in d' Almeida (2008) . Considering the fact that GFRE has the high specific strength and corrosion resistance, which make it ideal for the petrochemical industry, the use it offshore likely to change in the future (Gibson 2000) . However, the wall thickness of high-pressure GFRE pipe tends to be inconvenient for manufacture and handling, because of the high effective safety factor on GFRE pipe.
The development of steel strip laminate overcomes the problem (Friedrich1999). The effect of artificial seawater on the impact behaviour of filament-wound GRE pipes has been experimentally studied by Deniz and Karakuzu (2012) .
Since the properties of the fibre composite are different along the fibre and in transverse direction, the properties of the filament wound composite pipe can be easily changed by changing the number of winding angles and the fibre direction in each layer. The studies of thin-walled fibre-reinforced composite pipes were made by a number of researchers. Works of Hull et al. (1978) , Spencer and Hull (1978) , Uemura and Fukunaga (1981) , Rosenow (1984) , Soden et al. (1989) , Mistry et al. (1992) show that the winding angle plays an important role in filament-wounded pipes design. The failure processes of thin-walled glass-reinforced polyester pipes wounded at "ideal angle" of 55 0 44′ were studied by Hull et al. (1978) . The series of closed-end and unrestrained end internal pressure tests to failure of the pipes were conducted. In their next work Spencer and Hull (1978) . Their investigation showed a pronounced effect of the winding angle on the micro-mechanisms associated with deformation, weepage and fracture. Rosenow (1984) Mistry et al. (1992) . The analytical procedure for the orthotropic cylindrical shells was developed by Wild and Vickers (1997) . The procedure allows assess the stresses and deformations of filament-wound structures and the effect of wind angle. Their procedure is based on the Leikhnitskii (1981) solution for the problem of plane stresses in multi-layered thin circular cylindrically orthotropic shell.
The studies mentioned above were focused on thin-walled cylindrical fibre reinforced structures. The number of studies on the behaviour of thick-walled fibre reinforced tubular structures is more limited.
Thermal stress analysis of a thick fibre reinforced laminated rings was made by Ajit (1991) . Rodriguez and Ochoa (2004) have presented an evaluation of the behaviour of filament-wound spoolable composites. A combination of 4-point bending testing and FEA was used to determine minimum spool radii. An analytical solution for design and analysis of laminated composite tubes is given by Starbuck and Eberle (2000) . Xia et al. (2002) considered the thickwalled sandwich pipe with nonreinforced core layer and alternate-ply skin layers. In the paper the method for stressstrain deformation under pure bending analysis is presented. The theoretical approach for the strength and failure mode prediction of filament-wound composite pipes under bending load was considered (Natsuki et al. 2003) . Stress distribution in spoolable fibre reinforced composite pipes was investigated by Menshykova and Guz (2013) . The cyclic internal pressure and temperature loading was considered by Ansari et al. (2010) . The stress analysis of multi-layered filament-wound composite pipes was carried out obtaining the time-dependent stress, strain and deformation distribution. The analytical method to study the mechanical response of thick-walled composite pipe subjected to internal pressure was proposed by Bouhafs et al. (2012) . The effect of random design variables on the pipe behaviour was analysed in the paper. presented a simplified elastic solution to analyse the stress and deformation of multi-layered filament-wound composite pipes under internal pressure. The thermomechanical loading of thick-walled composite pipes was considered by , Bakaiyan et al. (2009). Xia, Kemmochi and analysed the filament-wound sandwich pipe and Bakaiyan et al. (2009) considered the multi-layered filament-wound composite pipe under internal pressure and thermomechanical loading with thermal variation. Guedes (2010) presented an analytical approach to time-dependent stress-strain state calculation in nonlinear viscoelastic multi-layered composite cylinders.
The following sub-section will show how the usage of composite materials can contribute to tackling one of the challenging problems in oil and gas industry.
Thick-walled fibre composite pipe stress and failure analysis
In oil and gas industry composite coiled tubing is used for different well intervention operations. In this case the main loads the pipe is subjected are bending load (when it is spooled on the drum), and the outer pressure and thermal loading in the well bore. Coiled tube is thick-walled pipe of several kilometres length. Pultrusion, pull winding and pull braiding processes can be used to manufacture the fibre reinforced pipe of such length. Pultrusion process is the cheapest and easiest one, however the resulting product is highly anisotropic. Pull braiding is the most expensive process and also the most difficult from manufacturer point of view. In this paper we will focus on a pipe, produced by the winding process, subjected to outer pressure loading, which is important for well intervention operations and subsea applications. However, in the applications of water depth over 1000 m, normally, the composite pipes include metal layers (such as subsea flexible pipe) to resist the high tensile load and external buckling load. The research on mechanical response of non-metal composite pipe in the offshore applications was published by Bai et al. ( a, 2014b . The method presented in the paper can be modified to solve the problem of multi-layered thick-walled fibre reinforced pipes with metal layer under pressure loading.
Let us consider a multilayered fibre reinforced filament-wound composite pipe under outer pressure. The number of layers in the pipe is N , inner radius of the pipe is denoted by 0 r and outer radius by a r . The pipe is subjected to the outer pressure a p . The radial, hoop and axial coordinates are denoted by r , θ and z respectively (see Fig. 1 ).
As we consider the axisymmetric tube, all displacements, strains and stresses are independent of θ . The radial displacements, r , are independent on axial displacements, z , as well as axial displacements are not depend on the radial ones. Thus, the displacements are:
where r u , θ u and z u are radial, hoop and axial displacements respectively.
The strain-displacement relations can be written as 
where 0 γ is a twist of the pipe per unit length and 0 ε is constant. 
Each layer of the pipe is a unidirectional long fibre composite. If we define 1 as the principal axis along the fibre, and 2 and 3 as transverse directions, the principal stiffness matrix can be written in terms of engineering constants as: 
Using the stiffness transformation matrix ] [ kl A (see Appendix 1) the off-axis stiffness constants can be calculated from stiffness constants along principal material directions as follows :
The equilibrium equations in cylindrical coordinates for a long axisymmetric tube under prescribed loading have the following form Herakovich 1998) :
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Integration of the last two equations gives the shear stresses as Herakovich 1998) : After combining the first equilibrium equation (7) with the elastic constitutive equations (3), the straindisplacement relations (2) and the displacement field (1) we obtain the second-order ordinary differential equation ) the solution of which can be written as follows:
For the isotropic or transversely-isotropic layers the solution is expressed as (Herakovich 1998):
The boundary conditions for the laminated tube subjected to outer pressure are :
From the traction continuity between the layers follows that the two interlaminate shear stresses ( r θ τ and zr τ ) were continuous from layer to layer. For a long laminated tube subjected to axisymmetric uniform loading along its length they are zeros. As the layers are perfectly bonded, all displacements must also be continuous from layer to layer.
Consequently, the continuity conditions for the considered problem are :
The axial force at the end of the tube is determined by integrating the axial stress over the area of cross section. For the N-layered tube with axial force equal to zero the expression has the form:
Similarly one can determine the torque, by integrating the moment of the shear stress θ τ z over the crosssectional area of the tube. In the considered problem the torque is equal to zero, consequently the expression is written as follows :
From the strain-displacement relations (2) and the expression for displacements (11) the layer strains can be determined as:
The expressions for layer stresses are obtained from constitutive equation (3) and layer strains: 
Substituting layer stresses (21) into boundary conditions (14) we obtain: 
The expressions for the axial force and torque after layer stresses substitution have the following form: 
Consequently we derive the following system of equations solving which the stress in the pipe can be obtained: ) (
where L µ is a material constant that characterizes the in-plane shear strength differential (SD) effect.
According to the criterion the failure occurs when the failure coefficient becomes greater than 1. The criterion can be expressed as follows:
Numerical results and discussion
As a numerical example the pipes of different designs made of carbon/epoxy fibre composite (T300/LY5052) subjected to outer pressure are considered. Taking the outer pressure into account is particularly important for well intervention operations and subsea applications. The properties of the composite are given in Table 1 .
The comparison of stress distribution through the wall thickness in the pipes of different designs subjected to the outer pressure of 30MPa is given below (Figures 2, 3 ). The pipes have 3 cm outer diameter and 2 cm inner diameter. However the magnitude of the axial stresses is lower when 0 0 fibre layer is inner layer. The same is true for hoop, radial and shear stresses. For example, if we compare the maximum absolute magnitude of radial stress for pipes with outer and inner 0 0 fibre layer, we can see that for a pipe with 0 0 inner fibre layer it is twice lower.
To predict the failure the Tsai-Hill failure criterion and the modified Tsai-Hill failure criterion are used. The failure occurs when the failure coefficient, equations (26) and (27), is equal to 1, consequently, there is no failure when the failure coefficient is lower than 1. The difference between Tsai-Hill failure criterion coefficient and modified Tsai- Figure 11 shows that if we add outer layer of 90 0 fibre orientation, the pipe will be able to withstand the outer pressure of 60MPa. However the failure coefficient distribution will not be as smooth, having more jumps. In Figure 12 the distribution for ] , [ α α − lay-up is presented. This pipe design gives a very smooth distribution of failure criterion coefficient, however not all winding angles are suitable to withstand outer pressure. The winding angles which allow the pipe withstand 60MPa outer pressure are vary from around 45 0 to 90 0 .
For the winding angles close to 0 0 the failure coefficient smoothly decreases from the inner to the outer pipe Figures 15 and 16 show that if we change the winding angle in previous designs from 30 0 to 60 0 , the pipe will be able to withstand the outer pressure up to 80 MPa.
Conclusions
The paper presents a review of the application of composite materials in oil and gas industry. In particular the potential use of different types of composite materials (such as GFRP, PMC, syntactic foams etc.) in the industry is considered.
Special attention is paid to long fibre reinforced pipes, focusing on thin and thick walled filament-wound pipes under different types of loading.
As an example of modelling composite pipes, the problem of thick-walled multi-layered filament-wound pipe subjected to outer pressure was solved analytically. Taking the outer pressure into account is particularly important for well intervention operations and subsea applications. Stress and failure analysis was performed for the pipes with different lay-ups subjected to outer pressure of various magnitudes.
The method presented in this paper can be adopted in the future for modelling multi-layered thick-walled pipes with metal layers. The latter would be important for the deep-water offshore applications (such as subsea flexible pipes)
since for the installations of water depth over 1000m, the composite pipes usually include metal layers to resist the high tensile load and external buckling load.
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